Abstract. Solar cycle 23 offered us several solar energetic particle (SEP) events with peak intensities measured early in the events that exceeded the previously determined streaming limit intensity. In the context of the theory that includes the effects that waves generated by energetic particles streaming along magnetic field lines have on the energetic particle transport itself, the mechanisms that allow us to explain the exceeding of the streaming limit during the prompt component of the SEP events include either the inhibition of wave amplification by the streaming particles and/or the existence of large-scale interplanetary structures able to modify the SEP transport. We analyze these possibilities for the SEP events where either the 40-80 MeV or the 165-500 MeV proton intensities were observed in excess of the previously determined streaming limit by a factor of 4 or more.
INTRODUCTION
By analyzing the largest solar energetic particle (SEP) events observed by the series of NOAA/GOES spacecraft during solar cycle 22, Reames and Ng [1] showed that the energetic particle intensities measured early in a SEP event are bounded by a maximum-plateau intensity known as the "streaming limit" (hereafter SL). These authors determined observationally the value of the SL at different energy levels based on a limited number of events. They proposed a self-regulator mechanism by which SEPs streaming along interplanetary magnetic field (IMF) lines amplify magnetohydrodynamic (MHD) waves that scatter the energetic particles and hence restrict their streaming. Therefore, particle intensities measured early in a large SEP event (known as the prompt component of the SEP event) are bounded by a certain upper limit. According to these authors, the SL can only be exceeded when the source of particles (i.e. the interplanetary traveling shock driven by the parent coronal mass ejection (CME)) reaches the spacecraft. Thus, the SL applies only to the intensity of particles streaming from a distant source (i.e. when the CME-driven shock is still close to the Sun) and not to those particles either accelerated locally when the shock arrives at 1 AU or convected by solar wind structures able to confine the energetic particles.
Solar cycle 23 offered us a number of SEP events with peak intensities above the previously determined SL [2] . corrected proton data from GOES-8 and -11. All these events occurred during periods of intense levels of solar activity when multiple transient solar wind structures, such as interplanetary shocks (vertical solid lines in Figure 1 ) and transient solar wind structures or interplanetary counterparts of CMEs (i.e. ICMEs) (gray vertical bars in Figure 1 ), were frequently observed. In this paper we analyze possible mechanisms by which particle intensities in these events exceeded the previously determined SL. 
MECHANISMS BY WHICH ENERGETIC PARTICLE INTENSITIES MAY EXCEED THE STREAMING LIMIT
According to the scenario proposed by Reames and Ng [1] , two factors may account for the possible exceeding of the SL during the prompt component of major SEP events. Either the level of wave amplification during these events is not enough to limit the streaming of energetic particles, and/or interplanetary plasma structures modify the nominal propagation of particles by confining, trapping or mirroring the energetic particles.
The level of wave amplification is determined by the conditions in the solar wind plasma where particles propagate. Reames et al. [3] suggested that plasma regions with a high plasma p parameter (computed as the ratio between the solar wind thermal proton energy density to the magnetic energy density) favor the rapid growth of waves because the intensity of ambient MHD waves in this region is already large. By contrast low-p plasma regions, where the ambient wave intensity is much lower, favor the free streaming of particles. Thus, propagation of particles in a low-p region may not generate sufficient waves to restrict the particle streaming, and hence increase the probability of observing particle intensities exceeding the SL. Solar wind data recorded at 1 AU is not useful to determine the transport conditions in the proximity of the Sun where SEPs start propagating, especially during the periods of intense level of solar activity when multiple ICMEs distort any possible steady structure of the interplanetary medium. Only models of SEP transport can be used to infer the properties of the particle transport from their source up to the spacecraft [e.g., 4, 5] .
Interplanetary structures such as ICMEs, shocks, or compression regions may affect the nominal propagation of particles along IMF lines [e.g., 6]. Kallenrode and Cliver [7] analyzed the SEP events that contribute the most to the total fluence measured in a solar cycle and concluded that "interplanetary circumstances" (such as the existence of two converging shocks propagating in the interplanetary medium) may lead to the observation of long-lasting high particle intensities. Particle mirroring (and possible re-acceleration) between two propagating shocks or particle confinement in the IMF lines distorted by the presence of ICMEs were suggested as the mechanisms to produce enhanced particle intensities as the converging structures move across the observer [8, 9, 10] . Reflection of energetic particles by solar wind plasma structures formed beyond the spacecraft location has also been suggested as a possible mechanism for the production of enhanced intensities observed at 1 AU [4] . A previous ICME modified the IMF topology leading to an interplanetary shock and magnetic compression able to reflect SEPs. Figures 2a and 2b were adapted from [9] and [4] , respectively. Figure 1a shows that the 40-80 MeV proton intensities above the SL during the SEP event on 14 July 2000 were observed between the passage of two interplanetary shocks and within an ICME, whereas the 165-500 MeV proton intensities above the previously determined SL were observed only for a short time interval just after the passage of an ICME. Figure 2 sketches possible scenarios where this SEP event may have developed. Mirroring of energetic particles between the two traveling shocks (Fig. 2a) has been suggested as a mechanism to produce prolonged elevated intensities [9] . In the case that the ICME was still magnetically rooted at the Sun, it is possible that the second shock injected particles directly into the ICME where the SEPs would have remained confined. The 14 July 2000 event was also a ground level event (GLE) observed by neutron monitor stations [4] . In order to model the time-intensity and time-anisotropy profiles of this GLE, Bieber et al. [4] invoked a magnetic barrier located at -0.3 AU beyond Earth's orbit (Fig. 2b) . According to their model, the barrier reflected a major fraction (-85%) of the relativistic protons back toward Earth. It is possible that the effects of this magnetic barrier were similar for both the relativistic solar protons and the 165-500 MeV protons and hence the elevated intensities observed at 1 AU.
Figures lb and Ic show the events on 8 November 2000 and 28 October 2003 where the particle intensities above the previously determined SL were observed only in the 40-80 MeV proton channel. Both SEP events were observed after the passage of an ICME. The presence of an ICME in interplanetary space modifies the IMF topology as field lines get draped around the traveling structure. Figure  3 shows the magnetic field configuration resulting from the MHD simulation of a magnetic cloud (MC) propagating in the ecliptic plane [8, 11] . The bottom panels of Figure 3 monotonically with increasing Adapted from [8] . distance from the Sun for a steady solar wind regime in the region upstream of the MC-driven shock (black bow in Figure 3) . Downstream of the shock and around the MC, the magnetic field magnitude exhibits several local minima and maxima. Propagation of energetic particles along these field lines, including pitch-angle scattering, results in an efficient confinement of particles and hence the possibility to observe elevated intensities when these structures move past the spacecraft [8, 10] . Another mechanism by which particle intensities may be enhanced with respect to the intensities measured under nominal transport conditions (i.e. particle propagation along an undisturbed IMF Parker spiral) results from particle propagation in an inhomogeneous medium. Figure 4a depicts three "observers" at 1 AU (A, B and C) that detect a SEP event under different particle transport conditions. Figure 4b shows the simulated 4.60-15.0 MeV proton intensities measured by these three observers after the injection of particles at R=0.01 AU from the Sun (following an injection time profile given by l(t)=N*exp(-p/t-t/T)/t, with P=1.5 h and T=1.5 h), using the transport model of Lario et al. [12] , and assuming that (1) particles propagate along an IMF Parker spiral with a mean free path X|pl AU (observer A); (2) the existence of a turbulent intervening region between 0.5 and 0.7 AU characterized by a small mean free path (X|p0.05 AU; observer B); and (3) the presence of this same region but between 1.1 and 1.3 AU (observer C). We consider here that these enhanced turbulent regions do not modify the magnetic field topology of the medium but only increase the frequency of pitch-angle scattering. The inability of the particles to cross or penetrate through these structures controls the intensity of the SEP events. In particular, compressed magnetic field regions between the Sun and the observer attenuate the intensity of the SEP events and delay the arrival of SEPs (observer B). When such a turbulent region is beyond the observer, particles with large pitch-angles can be scattered back toward the observer, resulting in elevated particle intensities (observer C). Adding the effects of focusing in increasing magnetic field behind shocks and around ICMEs contributes also to enhance the particle intensities [10] , and hence the possibility to exceed the previously determined SL. Figure Id shows that the proton intensities of the SEP event on 20 January 2005 exceeding the previously determined SL by a factor of 4 or more were observed only in the 165-500 MeV proton channel and during a short time interval between the passages of two interplanetary structures. This event was also observed by polar neutron monitor stations showing two clear intensity enhancements (the first increase was anisotropic maximizing at 06:56 UT and the second isotropic maximizing at 07:04 UT) [5] . The 165-500 MeV proton intensities also showed two peaks (the first maximizing at -07:07 UT and the second at -07:46 UT) [2] , although anisotropy information was unavailable. Saiz et al. [5] modeled the neutron monitor observations by assuming that the first injected relativistic protons propagated almost scatter-free (k\\~0.9 AU) whereas the second enhancement was due to particles propagating more diffusively (X||-0.6 AU). The change in the transport conditions was attributed to the high density of SEPs that generated enough waves to resonantly scatter the particles injected later in the event. The two 165-500 MeV proton intensity peaks, however, were above the previously determined SL [2] . Solar wind data recorded at 1 AU do not allow us to determine whether the plasma conditions close to the Sun were appropriate to inhibit the generation of waves and thus change the value of the SL.
SUMMARY AND CONCLUSIONS
Particle intensities in excess of the previously determined SL are observed even in the prompt component of SEP events. In the context of the scenario proposed in [1] , we have suggested possible mechanisms by which particle intensities may exceed the SL. Apart from an intense source of particles, these mechanisms result from special transport conditions: either the existence of plasma structures able to reflect or confine energetic particles, or particle transport under scatter-free conditions. The effects that large-scale transient structures have on particle transport are difficult to model because single-point measurements do not allow us to infer the dynamics of the heliosphere's global structure. Measurements from 1 AU do not allow us to determine whether the density of SEPs and the solar wind conditions are appropriate to generate enough waves to restrict the streaming of particles along the IMF when they are injected close to the Sun. Multi-spacecraft observations and missions traveling close to the Sun are necessary to confirm or discard the mechanisms proposed here to exceed the SL.
